Pulmonary arterial hypertension (PAH) is a life-threatening disease that leads to progressive pulmonary hypertension, right heart failure and death. Parenteral prostaglandins (PGs), including treprostinil, a prostacyclin analogue, represent the most effective medical treatment for severe PAH. We investigated the effect of treprostinil on established severe PAH and underlying mechanisms using the rat SU5416 (SU, a VEGF receptor-2 inhibitor)-chronic hypoxia (Hx) model of PAH.
Introduction
Pulmonary arterial hypertension (PAH) is a progressive disease of the lung vascular system that leads to increased pulmonary vascular resistance (PVR), right heart failure and death. PAH remains an incurable disease despite recent advances that have led to approval of multiple drug therapies, which have improved the quality of life of PAH patients (Lau et al., 2017) . Among these therapies, prostacyclin analogues have become the cornerstone of the pharmacotherapy for PAH patients (Farber and Gin-Sing 2016) . Continuous i.v. infusion of a prostacyclin analogue, epoprostenol, was the first PAH-specific drug therapy to be introduced (Sitbon and Vonk Noordegraaf 2017) . Newer prostacyclin analogues, such as iloprost and treprostinil, have better stability profiles, making it feasible to deliver them via continuous s.c. or i.v. infusion. Prostacyclin therapy improves the functional capacity and survival of PAH patients (Simonneau et al., 2002; Lau et al., 2017) .
The development of effective drug therapies for PAH has been hampered by the lack of animal models that faithfully reproduce the salient pathophysiological features of this disease. Most therapies to date have been developed using animal models of PAH that fail to reproduce complex arterial occlusive remodelling such as plexiform lesions, which are the hallmark features of the human disease (Ryan et al., 2011) . While all the animal models of PAH have limitations, the rat SU5416 (SU; VEGFR-2 inhibitor) and chronic hypoxia (SUHx) model is currently well accepted. The SUHx model better reproduces the relevant pathological features of human PAH (Taraseviciene-Stewart et al., 2001; Abe et al., 2010) ; however, far less is known about the effects of currently available PAH therapies in this model. Unlike in the monocrotaline (MCT) model (Schermuly et al., 2005; Yigitaslan and Sirmagul 2012) , chronic treatment with inhaled iloprost did not show improved pulmonary haemodynamics, pulmonary vascular remodelling or cardiac hypertrophy in the SUHx model (Gomez-Arroyo et al., 2015) . Furthermore, the study showed direct effects of iloprost on the heart that lead to improved cardiac function in the SUHx model (Gomez-Arroyo et al., 2015) . Another study using the SUHx model showed that acute i.v. infusion of iloprost decreased right ventricular systolic pressure (RVSP) and lead to a trend towards increased cardiac output (Oka et al., 2007) . Similar to iloprost, treprostinil has been shown to prevent and reverse pulmonary hypertension in the MCT and chronic hypoxia model (Nikam et al., 2010; Yang et al., 2010; Zhou et al., 2013) . The protective effects of treprostinil in the MCT model included reduced muscularization of small pulmonary arteries, improved pulmonary haemodynamics and improved cardiac function (Yang et al., 2010; Zhou et al., 2013) . However, the efficacy of treprostinil has not yet been established in the SUHx model. Therefore, in the present study, we explored the effects of treprostinil treatment on haemodynamic parameters, vascular remodelling and right ventricular function in this model of severe PAH.
Methods
All study protocols were approved by the Animal Care Committee (University of Ottawa, Ontario, Canada) and conducted according to the guidelines from the Canadian Council for the Care of on Animal Care. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010) .
Rat SU5416 chronic hypoxia (SUHx) model of PAH
Male Sprague Dawley (Harlan Laboratories, Indianapolis, IN, USA) rats weighing 150-200 g were used for this study. PAH was induced by a single s.c. injection of SU5416 (SU: Tocris, Bristol, UK) in 0.5% carboxymethyl cellulose followed by 3 weeks normobaric chronic hypoxia (Hx, 9-10% O 2 ) using the A-Chamber ProOx 110 system (BioSpherix Ltd., NY, USA), as previously described (Taraseviciene-Stewart et al., 2001; Jiang et al., 2016) . Following completion of hypoxia treatment, the rats were housed under normoxic condition for an additional 4 weeks ( Figure 1A ).
Measurement of RVSP and RV hypertrophy
RVSP was measured using high-fidelity pressure catheters (Transonic-Scisense Inc., ON, Canada) at 4 weeks post-SU (baseline) and at 7 weeks post-SU (end study) ( Figure 1A ). For RV catheterization, rats were anaesthetized by an i.p. injection of xylazine (7 mg·kg À1 ) and ketamine (35 mg·kg À1 ).
The pressure catheter was inserted into the right jugular vein and advanced through the superior vena cava and right atrium into the RV. Haemodynamic parameters were recorded and analysed using the LabScribe3 software (iWorx, Dover, NH, USA). At 7 weeks, after data acquisition, animals were euthanized by exsanguination under anaesthesia. The heart was excised, and the ventricles were dissected from the atria, the aorta and the pulmonary trunk. The RV and left ventricle (LV) and septum (S) were separated, and RV hypertrophy was calculated by measuring the ratio of RV weight to LV plus septum weight (RV/LV + S, Fulton index). The operators acquiring the RVSP and RV hypertrophy data were blinded to the treatment allocation.
Treprostinil treatment
Treprostinil was kindly provided by United Therapeutics Corp. (NC, USA). Treprostinil was suspended in water for injection and dissolved by addition of 1 N sodium hydroxide; pH was adjusted using 1 N and 0.01 N HCl between pH 6.7 and 6.9. Concentration of stock treprostinil was calculated based on the dose of treprostinil and the average weight of the animals at the time of treatment initiation (4 weeks post-SU). Vehicle was prepared by the same method except without treprostinil. Treprostinil and vehicle solutions were filtered through a 0.22 μ filter and loaded into the ALZET osmotic minipumps 2ML4 (DURECT Corporation, Cupertino, CA, USA) under sterile conditions. The osmotic minipumps were primed for at least 60 min in sterile water before implantation. The pumps were then implanted s.c. into the SUHx rats at 4 weeks post-SU, immediately after baseline RVSP measurement ( Figure 1A ). The rats were randomized to receive treprostinil (Trep-100: 100 ng·kg À1 ·min À1 , n = 14; Trep-810: 810 ng·kg À1 ·min À1 , n = 9) or vehicle (Veh-100: vehicle for 100 ng·kg À1 ·min À1 , n = 13; Veh-810: vehicle for 810 ng·kg À1 ·min À1 , n = 8) treatment before RVSP measurement.
Non-invasive assessment by echocardiography
Echocardiography was performed at the end of the study using the Vevo2100 ultrasonography system (VisualSonics, ON, Canada). Pulmonary artery acceleration time (PAAT), pulmonary ejection time (PET), pulmonary artery (PA) diameter, tricuspid annulus planar systolic excursion (TAPSE), RV chamber size expressed as the ratio of end-diastolic RV to LV internal diameter (RVID-d/LVID-d), RV anterior wall (RVAW) thickness, stroke volume (SV) and cardiac output (CO) were measured as described previously (Urboniene et al., 2010; Jiang et al., 2016) . The operators acquiring and analysing the echocardiographic images were blinded to the treatment allocation.
Lung histological measurements
The left lobe of the lung was inflated via the trachea with 50:50 optimum cutting temperature formulation (OCT)/saline solution (Tissue-Tek OCT; Qiagen, Mississauga, ON, Canada) and then removed. The left lobe was then cut into thick cross sections and fixed in 4% paraformaldehyde for 24 h, rinsed and washed in PBS for 8 h and stored in 70% ethanol until the day of paraffin embedding. Tissue blocks were sectioned (5 μm thickness) with a microtome (Leica Microsystems, Concord, ON, Canada), placed onto poly-L-lysine-coated slides, dried at 37°C for 16 h and then dewaxed and rehydrated through graded alcohols. For microscopy and quantitative morphometry of the lung, haematoxylin and eosin staining was performed with standard protocols. Images were acquired by Panoramic DESK (3DHISTECH, Hungary) scanscope using Panoramic Scanner and analysed using Panoramic Viewer (3DHISTECH, Hungary). Ten random high power fields (10× magnification) for each rat were analysed for media wall thickness, total vessel count and vascular occlusion. Media wall thickness as a % of external diameter was estimated as described previously (Ogura et al., 2013) . The % medial wall thickness = ((distance between the internal and external lamina × 2)/external diameter) × 100. For total vessel count, all the vessels were counted from the 10 random fields. The numbers of completely, partially and non-occlusive distal arterioles (<100 μm) were quantified from the random fields. system (LI-COR Biotechnology). The blots were quantified using the Image Studio™ Software (LI-COR Biotechnology) and expressed as a percentage of control to reduce the variation between blots. Equal numbers of samples from each group were used per blot to reduce sampling bias.
Western blotting

Caspase 3/7 activity assay
Caspase 3/7 activity in the lung lysates was assessed using Apo-ONE ® Homogeneous Caspase-3/7 Assay (Promega Corp., WI, USA) according to manufacturer's protocol with slight modifications. Briefly, lung lysate were diluted to 1 μg·μL À1 with CelLytic™ MT Cell Lysis Reagent. Then, 50 μL of diluted reagent (substrate and buffer combined) was added directly to 50 μL samples and incubated at 25°C for 2.5 h. Fluorescence was measured every 30 min using excitation wavelength of 480 nm and emission wavelength of 520 nm. Caspase activity was calculated using gain of fluorescence between 30 min intervals. Amount of metabolized substrate was determined from standard curve of Rhodamin 110.
Plasma treprostinil measurement
Analysis of plasma treprostinil was performed by Tendam Labs (Durham, NC, USA). For the quantitative determination of treprostinil in rat plasma, a method was validated over the concentration range of 0.500 to 500 ng·mL À1 . An aliquot (25 μL) of rat plasma was added to 225 μL of methanol containing 10.0 ng·mL À1 of the internal standard, treprostinild4, in a 96-well analysis plate. The plate was then capped, vortex-mixed and centrifuged. An aliquot (50 μL) of the supernatant and 200 μL of reagent grade water were then transferred to a clean 96-well analysis plate. From each well, a 10.0 μL aliquot of the extract was injected onto an ultraperformance liquid chromatographic system equipped with a triple quadrupole tandem mass spectrometer (AB/ MDS Sciex API-5000) detector operated in negative TurboIonSpray ® mode. Separation of treprostinil from extracted matrix materials was accomplished using a Waters Acquity BEH C18 (2.1 × 100 mm, 1.7 μm) column operated at 65°C. Mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in acetonitrile at a total flow rate of 0.775 mL·min À1 . Calibration standards, prepared in rat plasma from 0.500 to 500 ng·mL À1 , were used to construct standard curves for treprostinil. Linear-weighted (1/concentration 2 ) regression analysis of peak area ratio versus theoretical concentration was used to produce calibration curves.
Acute treprostinil treatment in anaesthetized SUHx rats
At 4 weeks, SUHx rats were anaesthetized by an i.p. injection of xylazine (7 mg·kg À1 ) and ketamine (35 mg·kg À1 ), and 50% dose of ketamine/xylazine was administered every 10 min until the end of the study. Rats were catheterized for RVSP measurement as described above. For measurement of systolic BP (SBP), the left carotid artery was cannulated and a catheter was placed in the aorta. Left jugular vein was cannulated for continuous i.v. infusion of treprostinil. Following catheterization, RVSP and SBP were recorded for 10 min to establish a stable baseline reading. Treprostinil stock solution (1 mg·mL À1 ) was prepared as described above. At the end of baseline, treprostinil (810 or 3000 ng·kg À1 ·min À1 , i.v.) or vehicle was administered for 30 min by syringe pump. The injection rate was kept constant at 10 μL·min À1 and a working stock solution of treprostinil was prepared, based on animal weight, by dilution in saline (Baxter, ON, Canada). Following 30 min of acute treprostinil or vehicle administration, the infusion was discontinued, and pressures were monitored for an additional 15 min.
Statistical analysis
Data are represented as mean ± SEM unless otherwise stated. Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, Inc., CA, USA 
Treprostinil improves pulmonary haemodynamics and RV hypertrophy in rat SUHx model with established PAH
At the time of randomization (4 weeks post-SU), there was no difference in baseline RVSP between vehicle and treprostiniltreated groups ( Figure 2A and Supporting Information Figure S1A ). In contrast to previous reports using the MCT model, no effect of 3 weeks treatment of Trep-100 (low-dose) was observed on RVSP or RV hypertrophy in the SUHx model (Supporting Information Figure S1B-D) . Notably, the higher dose of treprostinil (Trep-810) significantly lowered RVSP and RV hypertrophy compared to the vehicle controls ( Figure 2B ,C). Trep-810 prevented the increase in RVSP observed in the vehicle treatment group but did not significantly reduce the established PAH from baseline levels ( Figure 2D ). For Trep-100-treated rats, we observed no effect on echocardiographic parameters of haemodynamic function (PAAT, PET and PAAT/PET) (Supporting Information Figure  S2A -C) compared to vehicle control, which is consistent with the lack of change in RVSP (Supporting Information Figure S1D) . Surprisingly, no significant effects of Trep-810 treatment were observed on echocardiographic parameters of haemodynamic function (PAAT/PET or PAT) ( Figure 3A,B) ; however, a significant increase in PET with treprostinil treatment ( Figure 3C ) was observed. Further, to better understand the changes in pulmonary haemodynamics with treprostinil treatment, we estimated PVR using the ratio of RVSP/CO as a surrogate measure for PVR (Urboniene et al., 2010) . Compared to the naïve controls, we observed significant increase in RVSP/CO in vehicle-treated SUHx rats that was reduced with Trep-810 treatment ( Figure 3D ) highlighting the improvement in PVR with Trep-810. However, this effect on PVR was not evident in Trep-100 treated rats (Supporting Information Figure S2D ). There was a small but significant decrease in PA diameter in the vehicle-treated SUHx rats ( Figure 3E ), compared to sham rats, despite the higher arterial pressure. Interestingly, treatment with Trep-810 resulted in a modest but significant increase in PA diameter compared to the vehicle treated SUHx rats ( Figure 3E ), despite a lower internal pressures.
Trep-810 improves RV function and structure in SUHx model of PAH
Earlier studies have reported direct beneficial effects of iloprost on RV in rat SUHx model (Gomez-Arroyo et al., 2015) ; therefore, we investigated the effect of treprostinil on cardiac structure and function using echocardiography. Decrease in CO and SV in vehicle-treated SUHx rats was observed, and both were improved with Trep-810 treatment ( Figure 4A ,B). Trep-810 did not have any effect on heart rate (HR) ( Figure 4C ). We observed decrease in TAPSE in vehicletreated SUHx rats compared to naïve rats and treprostinil treatment did not improve TAPSE in SUHx rats ( Figure 4D ). Furthermore, SUHx treatment resulted in significant increase in RV chamber size (RVIDd/LVIDd) compared to naïve rats and Trep-810 treatment lowered RV chamber size compared to vehicle controls ( Figure 4E ). We also observed reduction in RVAW thickness ( Figure 4F ,G) with Trep-810 compared to vehicle controls that was consistent with reduction in RV hypertrophy ( Figure 2C ). Together, improvements in cardiac structure and function were seen in treprostinil-treated SUHx rats; however, cardiac contractility was not improved. Consistent with no change in haemodynamic parameters, no significant effect of Trep-100 was observed on RV structure (RV hypertrophy and RVIDd/LVIDd) or RV function (CO, SV and HR) (Supporting Information Figures S1C and S2E-H) .
Treprostinil treatment does not alter vascular remodelling in SUHx model
Further, we investigated the effects of Trep-810 on vascular remodelling in SUHx model. Compared to naïve controls, significantly greater vessel wall thickness was observed in the lungs of vehicle-treated SUHx rats across different size blood vessels ( Figure 5A ). Trep-810 had no effect on vessel wall thickness of different size vessels compared to vehicle-treated controls ( Figure 5A ). Interestingly, we observed significant decrease in total vessel count in the lungs of vehicle-treated SUHx rats compared to naïve controls and Trep-810 did not have any effect on total vessel counts compared to vehicle controls ( Figure 5B ,C). We also studied vessel occlusion in response to SUHx and Trep-810. Vehicle control lungs had significantly lower non-occluded and higher partially or completely occluded vessels compared to naïve rats ( Figure 5D -G). Trep-810 did not have significant effects on vessel occlusion compared to vehicle controls ( Figure 5D -G). These data indicate that the beneficial effects of treprostinil against SUHx induced severe PAH are independent of vascular remodelling changes in this model.
Protective effects of treprostinil are not associated with BMPR2, VEGFR-2 and cleaved caspase-3 expression in the lungs
Previous studies have demonstrated a direct effect of prostacyclin analogues on BMPR2 signalling. Iloprost and treprostinil both have been shown to increase phospho-SMAD1/5 expression in vitro and in vivo (Yang et al., 2010) . Hence, we explored expression of BMPR2 and its downstream target phospho-SMAD1/5/9. No difference in BMPR2 or phospho-SMAD1/5/9 expression was observed among naïve, vehicle control and Trep-810 ( Figure 6A,B) . Notwithstanding the lack of a significant difference between the groups, levels of BMPR2 varied somewhat in the Veh-810 group, such that lower BMPR2 levels correlated with a higher RVSP but that this correlation was not present in the Trep-810 group ( Figure 6C ) suggesting that the improvement in RVSP with
Figure 2
Treprostinil (Trep-810) improves pulmonary haemodynamics and RV hypertrophy in the rat SUHx model with established PAH. (A) Baseline RVSP (week-4); (B) RVSP at end study (week-7); (C) RV hypertrophy (Fulton Index, RV/LV + S); and (D) change in RVSP from baseline (4-week) to end of study (7-week). *P < 0.05 compared to naïve and # P < 0.05 compared to Veh-810. Naïve (n = 6), Veh-810 (n = 8) and Trep-810 (n = 8).
treprostinil treatment was independent of changes in BMPR2 expression in the lungs. Previous studies have shown that SU induces endothelial apoptosis that leads to increase in cleaved caspase-3 expression and activity in the lungs. Therefore, we examined the expression and activity of cleaved caspase-3 in the lungs of vehicle or Trep-810-treated rats. Interestingly, we observed trend towards higher cleaved caspase-3 expression and activity in vehicle-treated SUHx rat lungs compared to naïve controls, even at 7 weeks post-SU ( Figure 6D ,E). Trep-810 treatment had no significant effect on cleaved caspase-3 expression or activity compared to vehicle controls ( Figure 6D ,E). We also examined the changes in VEGFR-2 expression and observed lower VEGFR-2 in vehicle treated SUHx rat lungs compared to naïve controls and again Trep-810 did not affect VEGFR-2 expression in response to SUHx ( Figure 6F ). Together, these data indicate that the protective effects of treprostinil do not involve changes in cleaved caspase-3, BMPR2 signalling or VEGFR-2 in the lungs.
Acute treprostinil treatment produces pulmonary vasodilatation in SUHx rats
To study the acute vasodilator effects of treprostinil in the SUHx rats, we investigated changes in RVSP following short-term administration and withdrawal of treprostinil in anesthetized SUHx rats at 4 weeks post-SU. Administration of treprostinil (810 ng·kg À1 ·min À1 ) resulted in an immediate reduction in RVSP, which was stable throughout the infusion and promptly returned to baseline following withdrawal of treprostinil ( Figure 7A ). Trep-810 treatment had no effect on systemic BP ( Figure 7B,C) . Further, treatment with the higher dose of treprostinil (3000 ng·kg
) produced a greater reduction in RVSP that was more sustained after discontinuation of the infusion ( Figure 7A ). The higher dose of treprostinil decreased systemic BP (systolic and diastolic) ( Figure 7B,C) . These data reveal an important element of vasoconstriction in the SUHx model and is consistent with vasodilatation being the primary mode of action of treprostinil in PAH.
Discussion
We report that high-dose treprostinil (Trep-810) improved pulmonary haemodynamics, cardiac structure and function in rats with established PAH in the SUHx model of severe PAH. However, treprostinil treatment did not reduce vascular remodelling as assessed by medial wall thickening and vascular occlusion. Treprostinil treatment also did not alter BMPR2 expression, cleaved caspase-3 or VEGFR-2 to exert the beneficial effects. Further, an acute infusion of treprostinil produced a substantial vasodilator response in SUHx model, suggesting that the effects of treprostinil were due primarily to pulmonary vasodilatation. A deficiency of prostacyclin activity has long been identified as an important part of the pathobiology of PAH (Christman et al., 1992; Tuder et al., 1999) , and prostacyclin analogues, including treprostinil, have been developed to target this deficit of prostacyclin in PAH. Treprostinil treatment has been shown to reduce pulmonary arterial pressure, decrease vascular resistance and improve cardiac index in PAH patients (Simonneau et al., 2002) . Similarly, we observed a decrease in RVSP and PVR and improvement in cardiac output with treprostinil treatment in the SUHx rats with established PAH. Further, the moderate improvement observed in the haemodynamic parameters in the SUHx model is consistent with the effects of treprostinil in human PAH patients that showed moderate changes in mean pulmonary arterial pressures (Simonneau et al., 2002) .
Previous studies using MCT model of PAH have shown improvement in RVSP, PVR and vascular remodelling with treprostinil treatment (Yang et al., 2010; Zhou et al., 2013) . Interestingly, these effects in the rat MCT model were observed with lower doses of treprostinil that were based on average human dose used in clinics (45 ng·kg Bar graphs showing quantification of (E) non-occluded, (F) partially occluded and (G) completely occluded vessels in naïve, Veh-810 or Trep-810-treated rat lungs. *P < 0.05 compared to naïve and # P < 0.05 compared to Veh-810. Scale bar = 50 μ. Naïve (n = 5), Veh-810 (n = 6) and Trep-810 (n = 7).
pharmacokinetics of treprostinil between the two species, and these differences should be taken into consideration when extrapolating the doses between the species. The effectiveness of treprostinil, with possible lower plasma levels, in MCT model but not in SUHx model could be due to differences in the disease severity or in the prostacyclin signalling between the two animal models of PAH. Nevertheless, treprostinil, at higher dose, improved pulmonary haemodynamics and cardiac function in the rat SUHx model, which is consistent with the effects observed in the MCT model and PAH patients. While treprostinil has been shown to be effective for treatment of PAH in patients as well as in animal models, the mechanism(s) remain unclear. The primary target of treprostinil appears to be the IP receptor (PGI 2 receptor) on vascular smooth-muscle cells (Whittle et al., 2012) . Activation of the IP receptor leads to adenylate cyclase activation, an increase in intracellular cAMP levels and smooth-muscle relaxation producing vasodilatation. Treprostinil has been shown to have affinity for other prostanoid (PG) receptors as well, including the DP 1 , EP 2 and EP 4 receptors (Whittle et al., 2012) , and activation of these receptors could also produce vasodilatation. However, the contribution of an individual receptor in mediating the beneficial effects of treprostinil in PAH remains to be investigated. Irrespective of the receptor involved, vasodilatation appears to be the primary mode of action of treprostinil. In the present study, we observed a decrease in RVSP and increase in cardiac output in the absence of a reduction in medial thickness or an increase in arterial number. This is consistent with vasodilatation of resistance vessels in the pulmonary circulation in response to treprostinil, which confirmed the demonstration of important vasodilatation in response to acute treprostinil infusion in the SUHx rats with established PAH.
Apart from vasodilatation, treprostinil has been shown to suppress pulmonary artery smooth-muscle cell (PASMC) proliferation. Clapp et al. reported anti-proliferative properties of prostacyclin analogues on serum-induced proliferation of normal PASMC (Clapp et al., 2002) . Anti-proliferative properties of prostacyclin on healthy and mutant PAMSCs, carrying a pathogenic nonsense mutation of the BMPR2 gene, have also been reported (Yang et al., 2010) . Furthermore, animal studies have shown improvement in vascular remodelling with treprostinil treatment in MCT model of severe PAH (Yang et al., 2010) . On the other hand, other groups have reported that treprostinil treatment improved clinical parameters and ameliorated symptoms of heart failure in the MCT model in the absence of beneficial effects on pulmonary arterial remodelling (van Albada et al., 2006) . Moreover, autopsy studies have demonstrated that prostacyclin treatment does not reverse lung vascular remodelling in patients with PAH (Rich et al., 2010; Pogoriler et al., 2012) . These results further support the claim that the 3 week treatment with treprostinil, in SUHx model, exerts beneficial effects through vasodilatation without affecting smooth-muscle cell proliferation (at least in vivo) or vascular remodelling that is consistent with the effects of prostanoids in PAH patients (Rich et al., 2010; Pogoriler et al., 2012) . Antiproliferative effects of treprostinil on the PASMC in vitro required much higher treprostinil concentrations (i.e.~1 μM) than those achieved in the present study or during parenteral treprostinil therapy in PAH patients (~10 ng·mL À1 or 25 nM), which could explain the lack of effect on vascular remodelling in this study as well as in PAH patents (Rich et al., 2010; Pogoriler et al., 2012) .
Prostacyclin analogues have also been reported to affect cardiac function and RV remodelling. One year treatment of PAH patients with prostacyclin analogues improved echocardiographic parameters to estimate RV systolic pressure and assess RV structure (Tonelli et al., 2014) . Further, in a patient treated with epoprostenol for 18 years, near normal cardiac output was observed, even in the presence of advances vascular remodelling (Rich et al., 2010) . Gomez-Arroyo et al. made similar observation in the SUHx model and reported improvement in cardiac output and exercise capacity with reduction in PVR and cardiac fibrosis in response to inhaled iloprost despite lack of reduction in pulmonary arterial pressure, vascular remodelling or RV hypertrophy (Gomez-Arroyo et al., 2015) . Further, Holmboe et al. demonstrated that iloprost has inotropic properties that directly improve RV function in MCT model of pulmonary hypertension as well as in pulmonary artery banding model (Holmboe et al., 2013) , consistent with a direct effects of prostacyclin analogues on the RV. Interestingly, another study from Holmboe et al., using isolated heart perfusion system, demonstrated that iloprost, treprostinil and MRE-269 improved RV function in the healthy rat hearts; however, the positive inotropic effects of these prostacyclin analogues were abolished in hypertrophied RV (Holmboe et al., 2017b) . Axelgaard et al. has also demonstrated that the chronic treatment with treprostinil in a moderate or high dose does not reverse or attenuate RV hypertrophy or function in pulmonary artery banding model (Axelgaard et al., 2017) that is contrary to the effects of iloprost (Holmboe et al., 2013) . Further, the lack of direct inotropic effect of PGs on isolated atrial strips from the normal and pressure-overloaded human right hearts has been reported (Holmboe et al., 2017a) . Overall, there is evidence to support the direct effects of some prostacyclin analogues on the heart; however, these effects may vary dependent on prostacyclin analogue as well as on condition of the RV. In the present study, treprostinil treatment increased stroke volume and cardiac output as well as decreased RV chamber size, wall thickness and Fulton index in the SUHx rats. However, we did not observe any effect of treprostinil treatment on TAPSE, a marker for RV contractility, indicating towards absence of positive inotropic effect of treprostinil in SUHx model. Therefore, we believe that the improvement in cardiac structure and function in response to treprostinil treatment in rat SUHx model was mostly driven by the improvement in PVR. We also explored the effects of treprostinil on important pathways in the development and/or progression of PAH including the BMPR2 pathway. Treprostinil and iloprost have been demonstrated to have direct effect on BMPR2 signalling (Yang et al., 2010) . Decrease in BMPR2 expression in the lungs of MCT-treated rats was seen, and although that was not altered by treprostinil or iloprost, both analogues of prostacyclin did correct the phosphorylation of SMAD1/5 in vitro as well as in vivo (Yang et al., 2010) . In the SUHx model, we did not observe a strong decrease in BMPR2 expression, as well treprostinil did not have any effect on BMPR2 expression. Moreover, contrary to the MCT model, treprostinil did not alter phospho-SMAD 1/5/9 expression in the lungs. These findings highlight important signalling differences between the two widely used animal models of PAH. Further, we also explored the effects of treprostinil on cleaved caspase-3 and VEGFR-2 expression in the lungs of SUHx rats. Increased cleaved caspase-3 expression has been shown in the lungs of SUHx rats up to 3 weeks post-SU (Taraseviciene-Stewart et al., 2001; Jiang et al., 2016) . Interestingly, in the present study, we observed that the caspase activation in the lungs by SUHx persists for a longer period, and it was evident at least until 7 weeks post-SU. However, treprostinil had no effect on the cleaved caspase-3 expression or activity in the SUHx lungs. Consistent with earlier reports (Taraseviciene-Stewart et al., 2001), we observed decrease in VEGFR-2 expression in the lungs of SUHx rats; however, this decrease in VEGFR-2 expression was also not altered by treprostinil treatment. Together, treprostinil does not affect BMPR2, cleaved caspase-3 or VEGFR-2 in the SUHx model. Overall, our data suggest that treprostinil treatment improves pulmonary haemodynamic and cardiac function and structure in the SUHx model of severe PAH. These effects appear to be due primarily to pulmonary vasodilatation induced by treprostinil and not due to improvement in vascular remodelling. Moreover, the protective effects of treprostinil in the SUHx model are also independent of BMPR2, caspase and VEGFR-2 signalling. 
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